We present the results of an age determination study of pre-main sequence stars in the Taurus star-forming region. The ages of 10 single stars with masses of 0.5-1.1 M ⊙ were derived from the surface gravities, estimated from high-resolution optical and near-infrared spectroscopy. The equivalent width ratios of nearby absorption line pairs were employed for the surface gravity diagnostic, which directly reflects the parameters of the stellar atmosphere without any veiling correction. From a comparison of determined ages and near-infrared color excesses such as J − H, J − K, and J − L, the inner disk lifetime of the young stars with 0.5-1.1 M ⊙ in Taurus is estimated to be 3-4 Myr.
Introduction
Determining the ages of pre-main sequence (PMS) stars is critical to understanding the formation and evolution of stars, protoplanetary disks, and planets. Recent direct imaging observations have discovered various evolutionary states of the disks and the planets (e.g., Hashimoto et al. 2012 , Tanii et al. 2012 . Precise age determinations of these PMS stars will make a significant contribution to the understanding of the evolution of young stars.
The ages of young stars are mainly estimated by comparing their loci and the theo-retical evolutionary tracks on the Hertzsprung-Russell (HR) diagram, using luminosities and effective temperatures obtained from broadband photometry (e.g., Strom et al. 1989 , Kenyon & Hartmann 1995 . The members of a single star-forming region do not fall along a specific isochrone, indicating an age spread among the members. Moreover, the plots of Class II and Class III stars often seem to be mixed on the HR diagram, which makes it difficult to determine the evolutionary timescale of disks and planets. Before discussing the PMS star evolution, we need to verify the estimated ages. Accurate luminosities of PMS stars are difficult to estimate due to uncertainties in distance, extinction, and excesses. The excesses are seen in both the ultraviolet and the near-to far-infrared wavelengths, which arise from the accretion shock on the surface of the photosphere and the heated disk, respectively. Many studies have attempted to determine stellar luminosities with high precision. Bertout, Siess, & Cabrit (2007) estimated the ages of the members in the TaurusAuriga star-forming region based on the distance estimates from a kinematic study (Bertout & Genova 2006) . The luminosities of the members were calculated by combining the derived distances with the I-band flux, of which the excess from the circumstellar material is considered to be small (Cieza et al. 2005) . Using the recalculated luminosities, the loci of the classical T Tauri stars and weak-lined T Tauri stars were separated, and the disk lifetime in Taurus-Auriga was estimated to be 4.0 Myr for solar mass stars. In addition, many studies have characterized the excesses in both ultraviolet and near-infrared radiation in order to determine actual stellar parameters (e.g., Fischer et al. 2011 , McClure et al. 2013 .
Instead of determining the luminosities from photometric studies, surface gravity g (cm/s 2 ) measurements of young stars allow age estimations, because its photosphere is still contracting. The surface gravity of a PMS star can be estimated by measuring the strength of gravity sensitive absorption features. Steele & Jameson (1995) used the Na doublet in the I-band obtained with low resolution spectroscopy to distinguish the young members in the Pleiades cluster from field stars. Slesnick, Carpenter, & Hillenbrand (2006) also applied these absorption lines as a gravity indicator in order to verify the luminosity class of late type stars in the Upper Scorpius OB Association. Schiavon, Batalha, & Barbuy (1995) compared the observed CaH molecular lines of young stars in the Taurus star-forming region with the theoretical spectra for gravity estimation.
To discuss the evolution timescale of PMS stars, disks, and planets from the age estimation based on the spectroscopic method, an accurate gravity estimation is necessary. In our previous studies, we established the surface gravity indicators based on high resolution spectroscopy. We used the equivalent width ratios (EWRs) of the Fe (8186.7Å, 8204.9Å) and Na (8183.3Å, 8194.8Å) absorption lines as surface gravity indicators for late-K type PMS stars (Takagi et al. 2010, hereafter Paper I) . When veiling is present, absorption lines are partially filled in, but this effect was removed by calculating the EWRs of nearby absorption lines, as the veiling effect is nearly uniform over such a limited wavelength range. The EWRs of Sc lines (22057.8Å and 22071.3Å) and Na lines (22062.4Å and 22089.7Å) have also been established as a gravity diagnostic for stars with spectral types of late-K to early-M (Takagi et al. 2011, hereafter Paper II) .
In Papers I and II, the ages of five PMS stars in Taurus were estimated, providing the age estimations based on methods independent of distance, extinction, and veiling. In the present paper, the evolutionary timescale of PMS stars with 0.5-1.1 M ⊙ in the Taurus star-forming region is presented by combining the results of these previous studies with ages of the PMS stars obtained from additional observations. In Section 2, new observations of Class II stars and transitional disk objects are described. In Section 3, the results of Paper I, Paper II, and the new observations are summarized with error considerations. The disk lifetime of PMS stars in Taurus is discussed in Section 4, based on the relationship between the estimated ages and other parameters such as near-infrared color excesses and emission lines of Hα and [O I] 6300Å.
Observations and Data Reductions

Optical Spectroscopy
High-resolution spectroscopic observations of two Class II objects and two transitional disk objects were conducted on 7 December 2010 with the High Dispersion Spectrograph (HDS) mounted on the Subaru Telescope. In order to use the EWR -g relationships derived in Paper I, late-K type PMS stars were selected for the targets. The slit width was set to 0".6 to achieve a resolution of ∼60000. The settings of the optical elements were optimized to obtain the Fe (8204.9Å) and Na (8183.3Å, 8194.8Å) lines in the 73 rd order of the echelle spectrograph. The integration time for each object was set to 1800s to achieve the signal-to-noise ratio (S/N) of 100. The spectra of A0 type stars were obtained as standard stars for telluric absorption correction. Th-Ar lamp frames were taken at the beginning and the end of the observation for wavelength calibration. Data reduction was performed with the Image Reduction and Analysis Facility (IRAF) software package 1 . Bias subtraction, flat fielding, cosmic ray rejection, and scattered light subtraction were first conducted. Then the spectra were extracted using the APALL task. The wavelength was calibrated with the Th-Ar comparison spectrum. After removing the telluric absorption lines and performing continuum normalization, the resultant spectra were obtained. The SPLOT task was used to measure the equivalent widths of the absorption lines. The EWRs using the Fe line at 8186.7Å represented in Paper I were not employed in this study due to the heavily blended telluric line. The Voigt function was adopted for line fitting. The errors in equivalent widths were calculated from the uncertainties in the continuum level. The equivalent widths were measured with an identical method. The measured equivalent widths of four stars and the equivalent widths of two stars mentioned in Paper I are listed in table 1.
Near-Infrared Archival Data
The high-resolution spectra of PMS stars observed in the K-band were searched for in the Keck Observatory Archive. A spectrum of CY Tau taken with NIRSPEC on 11 February 2006 satisfied the requirement of this research. Since the spectral type of CY Tau is K7, the EWR -g relationships estimated in Paper II is suitable for estimating its gravity and age. The resolution power of this observation was ∼19000 with the 0".576×12" slit. To subtract the sky emissions, the data were obtained with an ABBA nodding pattern. The total integration time was 520s, resulting in an S/N of 170. The spectrum of an A0 type star (HR 1237) was obtained for the telluric line correction.
IRAF was employed again for the reduction of near-infrared data. Sky and dark currents were removed by subtracting the frame obtained in the opposite nod position, and then flat fielding, cosmic ray rejection, and aperture extraction were conducted. Wavelength calibration and distortion correction were carried out simultaneously using OH emission lines. After the spectra were extracted with APALL, telluric line correction, spectral combining, and continuum normalization were executed. During the equivalent width measurements, Gaussian and Voigt functions were used for the Sc and Na line fits, respectively. In Paper II, EWRs that included the Sc line at 22071.3Å were established as surface gravity indicators, however, this line was not used in this study because of the heavy blending with the Si line at 22068.7Å. The equivalent widths of CY Tau and the three stars mentioned in Paper II measured with a uniform method are presented in table 2.
Results
Surface gravity estimations
The surface gravities of the PMS stars can be determined by comparing the observed EWR with the EWR -g relationships described in Papers I and II. Before executing the surface gravity estimations, we revised the EWR -g relationships. As mentioned in Papers I and II, these relations are derived from the observations of field dwarfs and giants of which the parallaxes, spectral types, and the V -band magnitudes are well studied in the previous works. We used the newly analyzed Hipparcos parallaxes (van Leeuwen 2007) to all the objects included in these papers. The magnitudes of the objects were quoted from Tycho-2 catalog (Høg et al. 2000) . The mass of each giant star was recalculated by comparing the location in the HR diagram and the theoretical evolutional tracks (Lejeune & Schaerer 2001) , as mentioned in Paper I. Giant stars whose masses were calculated to be smaller than 1 M ⊙ were removed since the ages of these stars are estimated to be beyond the age of the universe. The revised EWR -g relationships are shown in figure 1. We conducted a power-law fitting in each relationship using the equation given by EWR = ag b , since the equivalent width of the atomic absorption lines can be approximated by a power of the surface gravity (e.g., Gray 2005) . The values and the standard deviations of a and b in each relation estimated by the weighted least square fit are presented in figure 1. Using the estimated EWR -log g relationship, the surface gravities of the PMS stars and the errors are estimated with the equations in the Appendix. Table 3 shows the derived surface gravities of the 5 PMS stars addressed in Papers I and II and the 5 PMS stars observed in the present work. The major cause of the error is the uncertainties of the equivalent widths which are attributed to the S/N of the observed spectra. The typical error of log g arising from this part is 0.1 for the spectrum with S/N of 100∼120. The uncertainties of the optical and NIR EWR -g relationships cause the log g errors of 0.09∼0.13 and 0.05, respectively, within a range of log g=3.5 to 4.0.
Age estimations
The ages were calculated by comparing the surface gravities and the effective temperatures to the evolutionary model of the PMS stars (Siess et al. 2000) . Effective temperatures of the objects were estimated from the spectral types derived from photometric researches (Kenyon & Hartmann 1995 , Furlan et al. 2006 . Masses were calculated from their loci on the HR diagram. The errors in ages were estimated from the uncertainty in the surface gravity for each object. The derived properties of the targets are listed in table 3. Since the effective temperatures of the objects are estimated from the spectral types obtained from the photometric methods with no errors, the uncertainty of the effective temperature is not included in the estimated age. The spectral type of CY tau is indicated as K7 in Furlan et al. (2006) , whereas Kenyon & Hartmann (1995) designated it as M1. This discrepancy makes a 0.5 Myr difference in the age. In order to estimate the age and the effective temperature of the PMS stars with higher accuracy, the EWR method using the temperature sensitive lines is expected.
The HR diagram of the targets is presented in figure 2 . The weighted average age of the Class II and transitional disk objects is 1.4±0.5 Myr, while the average age of Class III is 3.5±1.6 Myr. We carried out the two-sample Kolmogorov-Smirnov (K-S) test in order to estimate the probability that these two samples are drawn from different distributions. The calculated pvalue was 0.17 which shows this probability cannot be rejected with 0.05 significance level. We added a pseudo data to each group in order to estimate the number of additional objects needed to distinguish these two groups with a reliable probability. These data were obtained with gaussian random number generation based on Box-Muller method. As a result, two groups can be discriminated with < 0.05 significance level by adding ∼5 objects to either group or adding 3∼4 objects to both groups. The trend that the averaged age of Class II + transitional disk objects is younger than that of Class III is consistent with Bertout, Siess, & Cabrit (2007) , while the individual age of each star is inconsistent. The cause of this difference is may probably be due to the uncertainty in distance, extinction, and veiling. Since the EWRs are free from these contaminants, our age determination may be reliable, though the uncertainties exist on the surface gravities of the giants and the dwarfs in EWR -g relationship estimation due to the parallax errors, and the effective temperatures of the pre-main sequence stars derived from the SED fittings. Because age determination depends on the choice of evolutionary model for these young stars (Hillenbrand & White 2004) , the ages of the target stars were also estimated following Baraffe et al. (1998) . Although the difference in masses adopted between the models was 20% at most, the calculated ages were comparable.
Discussions
By combining the estimated ages of PMS stars with many observational results, such as determinations of the spectral energy distribution (SED) and the mass accretion rate, the lifetime of the disk surrounding the PMS stars was deduced to be a few Myr. Haisch, Lada, & Lada (2001) derived disk lifetime by comparing the ages of young star clusters and the fraction of stars with circumstellar disks. They used the JHKL colors to estimate the disk fraction in each star-forming region, and found that half of PMS stars lose their disks in 3 Myr. However, this trend is still unproven within a single star-forming region. Because compositional differences in the initial conditions of a molecular cloud (such as mass, metallicity, and density) may lead to variation in the evolution of stars and disks, the disk dissipation timescale should be discussed in a single environment.
To derive the disk evolution timescale in Taurus, the estimated ages with EWRs were compared to the near-infrared color excesses of each object. Near-infrared excess will decrease with increasing age if the disk dissipates with time. Near-infrared magnitudes of the objects were taken from Kenyon & Hartmann (1995) , and then the intrinsic near-infrared color excesses were calculated by subtracting the photospheric color and adopting the reddening law (Cohen et al. 1981 , Meyer et al. 1997 ) using the A V values from Kenyon & Hartmann (1995) and Furlan et al. (2006) . The color excesses are listed in table 4. Two transitional disk objects were included in the targets. LkCa 15 is believed to be a pre-transitional object, in which a gap exists between the small inner disk (0.12-0.15 AU) and the outer disk beyond 46 AU (Espaillat et al. 2007 ). V819 Tau is classified as Class III in Furlan et al. (2006) , however, a small excess exists in wavelengths longer than 10 µm. Therefore, it could be considered as a star in a later transitional phase. Figure 3 shows the relationship between the age and the J − K excess. This is the first observational evidence which represents disk dissipation with an increment in age within a single star-forming region. Near-infrared excesses decrease at a constant rate, indicating that the excess does not vanish on a short timescale. This trend was also seen when the estimated ages were compared to the J − H and J − L excesses. The regression lines were estimated by the weighted least square fitting, using plots with colors greater than zero in each age -color excess relation. The excess dissipation timescales in J − H, J − K, and J − L were 2.6±1.4 Myr, 3.6±0.5 Myr, and 4.4±1.6 Myr, respectively. The error in each timescale is calculated from the standard deviations of the regression line coefficients.
The JHKL excesses indicate the presence of an inner disk. Many mechanisms for creating an inner hole have been suggested by theoretical studies; they include photoevaporation (e.g., Clarke et al. 2001 , Alexander et al. 2006 , grain growth (e.g., Tanaka et al. 2005) , and planet formation (e.g., Zhu et al. 2011) . In these studies, disk lifetime was estimated to be a few Myr to 10 Myr, which is consistent with our results and other observations (e.g., Haisch et al. 2001 , Bertout et al. 2007 ). However, the linear relationship between age and JHKL excesses represented in the present study suggests slow dissipation of the inner disk. This result contradicts the outcome suggested by theoretical photoevaporation studies, which have indicated that the timescale for inner hole creation and disk dissipation is ∼ 10 5 yr (Alexander et al. 2006) . We also assessed the relationship between age and the equivalent widths of the Hα line and the [O I] 6300Å line in order to estimate dissipation timescales of the accretion and the disk wind. The equivalent width of the Hα line and the [O I] line were quoted from Strom et al. (1989) and , respectively. The equivalent width of [O I] line in LkCa 15 was taken from Iguchi & Itoh (2014) . The data was obtained from the Keck Observatory Archive where the resolution power was 50000 and the exposure time was 1200s. After the bias subtraction, flat fielding, spectra extraction and the wavelength calibration, the veiling correction was conducted by fitting the absorption lines to a dwarf spectrum. All the equivalent widths of these lines are listed in table 4.
The estimated dissipation timescales of the Hα and the [O I] emissions are 4.0±1.6 Myr (figure 4) and 5.6±2.8 Myr (figure 5), respectively. These timescales are comparable to those of the infrared excesses though a large uncertainty exists. Nevertheless, it was difficult to determine whether the disk accretion and the wind are decreasing drastically or modestly. A correlation between the equivalent width of Hα line and the inclination angle is found (e.g., Appenzeller, Bertout, & Stahl 2005 , Kurosawa, Harries, & Symington 2006 . The dispersion in figure 4 may be reduced by correcting the inclination. In addition, Appenzeller & Bertout (2013) suggested the inclination dependency on the wind velocity derived from the blue edge of the [O I] line. Comparison of the ages of PMS stars and the inclination corrected wind velocity derived from the [O I] line may be practical for discussing disk evolution. However, because the inclinations are known for only four of our objects, the inclination correction was not conducted. By observing more PMS stars with known inclination or determining the inclination of the targets in the present work may improve the relationship between the age and equivalent widths of the Hα and [O I] lines. Also, obtaining the equivalent width of the [O I] in stars with optically thin disks may improve the estimation of the [O I] dissipation timescale. We conclude that the lifetime of the inner disk of PMS stars in Taurus with masses of 0.4-1.1 M ⊙ is 3.0-4.0 Myr, based on the age -color excess and the age -emission relations.
This research was based on data collected at the Subaru Telescope, which is operated by the National Astronomical Observatory of Japan. This research has made use of the Keck Observatory Archive (KOA), which is operated by the W. M. Keck Observatory and the NASA Exoplanet Science Institute (NExScI), under contract with the National Aeronautics and Space Administration.
Appendix. Error of the Surface Gravity Calculation
Surface gravity of a PMS star can be calculated from the following equation due to the EWR -g relationship,
The error of log g is calculated by using the error propagation, Kenyon & Hartmann (1995) and Furlan et al. (2006) . † Spectral types quoted from (a) Furlan et al. (2006) and (b) Kenyon & Hartmann (1995) . ‡ Effective temperatures were determined from the Sp. type -T eff relation listed in Kenyon & Hartmann (1995) . § The Fe/Na ratio in the optical I-band and the Sc/Na ratio in the near-infrared K-band were used to estimate surface gravity.
Approximate masses were estimated by comparing the T eff and the evolutionary tracks of Siess et al. (2000) .
